Maternal-fetal genotype (MFG) incompatibility has been shown to be strongly associated with a number of genetic diseases. Most current methods for the MFG test rely on parents-offspring trio genotype data and do not apply to mother-offspring pair data where paternal genotype is unavailable. In this paper, we developed a two-stage method for testing the allelic effect of given SNP through subgroup analysis of compatible MFG pairs and further tested the MFG incompatibility effect according to different scenarios determined by the allelic effect. Simulation studies demonstrated that this novel two-stage model is powerful in detecting the MFG incompatibility effect. This method can be implemented through publicly available statistical software, such as SAS, R, etc. We demonstrate with a case-control study of small for gestational age neonates that the method identified a SNP in the IGF2R gene with a significant allelic effect (p = 0.037), and a SNP in the IGF1 gene with a significant MFG incompatibility effect (OR = 0.75 and p = 0.033).
The loglinear model for MFG test has been proven to be successful in a number of studies. In general, its requirement of parents-offspring trio genotype data, however, may limit its application to many studies where no paternal genotype data are available, although the factors. These models have been demonstrated with consistent and efficient estimation. However, due to the model complexity, the interpretation is not readily understood by many principal investigators and the model is not easy to implement by non-statistical professionals. Hence it is desirable and attractive to have a simple and yet efficient model to provide an easy-to-understand-and-implement procedure using currently available statistical software.
The fact that many perinatal studies with mother- A total of 44 SNPs were genotyped in IGF-I, IGF-II, IGF1R and IGF2R genes. Among them, 5 SNPs were found to be homozygous in the study population and 13 SNPs had one minor allele of frequency less than 0.01
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and thus were excluded. HWE was examined in the combined mother and offspring control population and all of the 26 remaining SNPs satisfied the HWE with a cut-off p-value > 0.0001. Ten SNPs out of these 26 remaining SNPs were found to have one minor allele with frequency equal to or smaller than 0.1 (homozygous genotype probability ≤ 0.01) and were excluded from the MFG incompatibility test. Thus the MFG incompatibility test was conducted on the remaining 16 SNPs.
Methods
We develop a two-stage model for testing the MFG incompatibility, and further conduct a simulation study.
The two-stage method for MFG incompatibility
Step 1. Determination of allelic effect
Step 1 determines the allelic effect between the two alleles and its scenario at each SNP. We first examine the minor allele frequency and the HWE for each SNP. Only those SNPs having a minor allele frequency (p ≥ 0.01) and satisfying the HWE are kept for further study on the examination of allelic effect.
The HWE is examined with a chi-square test in the combined mother and offspring control populations with a cut-off p-value > 0.0001 of the chi-square test.
To study the gene-gene interaction between the mother and her offspring at a given SNP, a composite SNP genotype of the mother and offspring pair is derived by combining the two. For example, if the mother genotype at a given SNP is 'AA' and the offspring genotype is 'AB', the composite genotype is 'AA_AB'.
There are seven possible composite genotypes, see Table 1 for details. Among them, three are compatible: 'AA_AA', 'AB_AB' and 'BB_BB', and the rest are incompatible.
The allelic effect is examined through a subgroup analysis using only those mother-offspring pairs that had compatible genotypes, i.e. 'AA_AA', 'BB_BB', and 'AB_AB'. In doing so, the MFG incompatibility effect is not present and any significance is attributable to the allelic effect.
Step 2. Testing of MFG incompatibility
Step 2 tests the MFG incompatibility effect following each scenario determined in Step 1. A total of 4 scenarios were adopted accordingly to test the MFG incompatibility, see Table 2 for details of these scenarios and the parameterization of the MFG test. SNPs with a small frequency allele (allele frequency p ≤ 0.1) are not tested for the MFG incompatibility effect. 
Strong allelic interaction effect:
Where the heterozygous effect is the largest or smallest.
A logistic regression model was fitted to all motheroffspring pairs to test the MFG incompatibility adjusting for mother's AB genotype effect β AB , mother's AA genotype effect β AA , and father's allele A contribution λ A conditioning on the incompatible MFG.
Additive or multiplicative allelic effect:
Where the heterozygous effect is between the two homozygous effects.
To test the MFG incompatibility effect, a logistic regression model was fitted to all mother-offspring pairs adjusting for mother's allele A effect β A and father's allele A contribution λ A conditioning on the incompatible MFG.
It is worthwhile to note that for some SNPs, one minor allele may lead to small counts of the homozygous composite genotype of mother-offspring pairs of that allele, such as small counts of 'AA_AA' composite genotype when allele A has a small frequency. As a result, only a small number of samples may be observed in the compatible group with double homozygous minor allele. This often leads to non-significant MFG incompatibility in either Scenario 1 or 2 although it is difficult to distinguish between these two scenarios with a small frequency allele.
Simulation studies
We conducted simulations to study the power of the 2-stage test on the incompatibility for every scenario in Table 2 . In each simulation, we generated 1000 subjects, each of which had a binary indicator for disease phenotypes (Y), MFG incompatibility effect (C), allelic effect (A) and father's allelic contribution effect given incompatibility (F). The genotype data were generated under the assumption of HWE. The logistic regression was applied to detect the incompatibility effect at the level of 0.05.
Data generation
We assumed the allele frequency p for allele A and q=1-p for allele B. Table 3 2) Allele A effect. First, six probabilities r 1 , r 2 ……r 6 ~ U [0, 1] of having the disease were generated according to different values of C, A, and F, where F was generated with Bernoulli probabilities Pr(F=1|C=1)=(p 2 q+pq 2 )/2pq = 0.5 and Pr(F=1|C=0)=0. A was the 'AA' genotype effect of the mother or the fetus or both, and was simulated by Pr(A=1|F=1,C=1)=p, Pr(A=1|F=0, C=1)=p, and Pr(A=1|F=0,C=0)=p 3 / (p 2 +q 2 ). Y was the disease phenotype and was simulated with the probabilities r 1 , …, r 6 as listed in Table 4 .
3) Heterozygosity effect. First, six probabilities r 1 , r 2 ……r 6 of having the disease were generated from uniform distribution U[0, 1] according to different Freely Available Online values of C, A, F. F was generated by Bernoulli trials with probabilities Pr(F=1|C=1)= (p 2 q+pq 2 )/2pq=0.5 and Pr(F=1|C=0)= 0. A was the effect of genotype 'AB' in mother or fetus or both and was generated with Pr(A=1|F=1,C=1)=p, Pr(A=1|F=0,C=1)=q, and Pr(A=1|F=0,C=0)=pq/(p 2 +q 2 ). Y was generated by Bernoulli trials with probabilities r 1 , …, r 6 as listed in Table 4 . Pr (A=-1 | F=0, C=0) = q 3 /(p 2 +q 2 ), where A = 1 for genotype 'AB' in mother or fetus, 0 for genotype 'AA', and -1 for genotype 'BB'. Y was generated by Bernoulli trials with probabilities r 1 ,…r 7 as in Table 4 .
Simulation Result
We fitted logistic regression model to the generated data with 1000 subjects and calculated the power of the test defined as out of the total number of simulations the number of times when the associated SNP was selected by statistical significance of the test. In scenario 1, the simulation was conducted with different odds ratio (OR) of disease between compatible and incompatible groups. The power of the study was calculated for each of the OR value 3, 2 , 1, 1/2 or 1/3. The simulation was repeated 5,000 times for each value of OR. In scenarios 2-4, because of the random selection of the allelic effect and father effect, the OR was not controlled at first, but rather calculated after the allelic effect and father effect were generated. The ORs were categorized into different
The simulation was repeated 50,000 times for each of these scenarios to accommodate the unspecified OR value. The power of the study was calculated for each OR interval. It was observed that the power of test increased with the OR as shown in Table 5 and Figure 1 .
Further simulation was conducted to evaluate the specificity of the test. Ten SNPs were generated and the disease phenotype was generated only by SNP1 in Scenario 1, but independent of SNPs 2-9. The logistic regression model was fitted with 5000 repeats for each OR value, and the power was calculated for each SNP.
The simulations demonstrated that the power increased with the OR and that the false positive rate was about 1% ( Table 6 and Fig. 2 ). In this study, we choose the candidate genes (IGF1 and IGF2 and their receptors) to test the MFG incompatibility effect at each single SNP locus.
Application to a case -control study of SGA
RESULTS
Two-stage MFG incompatibility test
In the logistic regression analysis, mother's age (Table 7) , where the composite genotype 'AA_AA' had a significantly different effect from 'AG_AG' and 'GG_GG' (p = 0.01) after Bonferroni's multiple-comparison adjustment. We also examined this SNP in mother and offspring populations separately (Table 8 ) and found that this SNP had a significant genotype effect 'A/A' from 'A/G' in the mother population as well, but not significant in the offspring population. Further analysis did not reveal any MFG incompatibility effect of this SNP. We further studied the difference between the 'AA_AA' and 'AA_AG' composite genotypes. The p-value was 0.015, which suggested a significant effect of father's contribution of allele G given mother genotype 'AA' with the Bonferroni's correction.
The remaining 15 SNPs had no significant allelic effect as shown in Table S2 [Supplementary Material].
Among them, one had significant MFG incompatibility effect (Table 9 ). This SNP is located at downstream 1260 intron2a of IGF1R gene and the incompatible MFG of the SNP decreased the risk for SGA with OR = 0.75 (p=0.033).
DISCUSSION
Recent studies have shown that the MFG incompatibility is associated with several genetic phenotypes, including childhood autism, schizophrenia, etc. Former methods developed for the MFG incompatibility test are based on loglinear regression model on parents-offspring trio genotype data and have been successfully applied to a number of studies.
However it is also common that paternal genotypes are unavailable in many studies of only mother-offspring pairs. Therefore, it is desirable to extend the MGF test from parents-offspring trio genotype data to motheroffspring pair genotype data. We have developed a novel two-stage MFG incompatibility test based on logistic regression model that examines the allelic effect of each SNP in the first step and the MFG incompatibility effect in the second step. We also have conducted simulation studies on the power of the test and applied this novel method to a study of the association between the development of SGA and the IGF genes and receptors. 
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Conclusion
This novel two-stage method extends the MFG test from the parents-offspring trio genotype data to motheroffspring pair genotype data and thus makes the MFG test available through an easy-to-understand-easy-toimplement approach to many investigators in a wider range of studies who are not statistical professionals.
The examination of the allelic effect may provide clues in the association between the SNP genotype and phenotype of interest, and is easy to interpret. Figure 2 . The specificity of the two-stage method for MFG test by OR.
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